Abstract-The primary goal of this project was to assess the impact of an increase in the penetration of photovoltaic (PV) solar generation on small-signal stability in the western North American power system. Small-signal stability is concerned with the response of the system to small disturbances where a linearized model sufficiently describes the system behavior. Two different approaches were applied to assess small-signal stability. The first approach was to excite the modes of oscillation in simulation and use Prony's method to perform ringdown analysis. General Electric's Positive Sequence Load Flow (PSLF) software was used to simulate dynamic brake insertions, and MATLAB was used to extract the modal content from the measured ringdowns. The second approach was to use the analytical linearization techniques provided by the Small Signal Analysis Tool (SSAT) from Powertech Labs. To study the effect of variation in system loading, two different Western Electric Coordinating Council (WECC) base cases were analyzed. Each base case was augmented by increasing the percentage of wind and photovoltaic generation. Potential concerns identified by this study were an increase in observability and decrease in damping exhibited by an East-West mode of oscillation under light loading conditions. The main finding is that mode frequency tends to increase as a function of renewable energy penetration, while damping is relatively unaffected.
I. INTRODUCTION
H ISTORICALLY, large-scale power systems have been composed of directly coupled synchronous generators interconnected via transmission systems. The tendency of these systems to experience electromechanical oscillations is an inherent property which arises from the law of conservation of energy, Kirchoff's current law, and synchronism [1] . These fundamental laws of physics manifest themselves as oscillations within and between large generation complexes separated by weak transmission paths. As converter-based renewable sources become more prevalent, the characteristics of these oscillations may change. In order to ensure the stability of the system, it is imperative to understand how the modes of oscillation will be altered. This study aims to quantify the impact of high penetrations of wind and photovoltaic (PV) generation on inter-area modes in the western North American power system (wNAPS). Although photovoltaic generation was the focus of this study, all changes in modal characteristics presented here are the result of an increase in renewable generation that includes both wind and solar.
Several research efforts have focused on analyzing the impact of renewable energy on power system dynamics. The Western Wind and Solar Integration Study (WWSIS) analyzed the power system operated by the WestConnect group which includes utilities in Arizona, Colorado, Nevada, New Mexico, and Wyoming [2] . In [3] , the authors develop a method for determining the sensitivity of system eigenvalues with respect to inertia. The authors conclude that increased penetration of Type 3 wind turbine generators (WTGs) is likely to have both beneficial and detrimental impacts on system dynamic performance. In [4] , which concentrates on the New Zealand power system, the sensitivity of damping performance with respect to wind energy converter technology is studied. This paper is organized as follows. Section II presents the methodology behind the time domain simulations and the construction of the high-penetration base cases. Section III opens with a brief background on Prony analysis and the interarea modes of the wNAPS. It concludes with a comparison of the modal analysis results generated with Prony's method and the Small Signal Analysis Tool (SSAT). Conclusions are provided in Section IV.
II. METHODOLOGY

A. Renewable Generation Capacity Survey
To effectively meet the stated objectives of this study, it was first necessary to construct a set of test cases which varied in their wind and photovoltaic generation levels. Two base cases assembled by the Western Electric Coordinating Council (WECC) served as the basis for these modified cases. The 2015 Heavy Summer and 2022 Light Spring base cases were selected because they were recently created and they represented significantly different operating conditions. The 2022 Light Spring base case was designed with a high penetration of renewable energy in an effort to reflect renewable portfolio standards (RPS) established in regions throughout the wNAPS. Table I displays the wind and photovoltaic generation levels contained in each base case. In order to produce reasonable test scenarios, a short survey of existing and planned renewable generation capacity in the wNAPS was conducted. Data was obtained from the American Wind Energy Association (AWEA), the Solar Energy Industry Association (SEIA), and the Open Energy Information (OpenEI1) website [5] - [7] . The wind and photovoltaic generation capacity in each state and province in the wNAPS was subdivided into three categories: operating (O), under construction (UC), and under development (UD). This information is summarized in Tables II-III. The supplemental wind and photovoltaic generation was added on a regional basis according to the geographical distributions yielded by the survey. This ensured renewable generation was added to suitable locations with the necessary natural resources.
B. Scenario Selection
The modified cases were designed such that they reflected particular levels of wind and solar penetration by energy. In order to accomplish this, it was necessary to make assumptions about the peak load, the load factor, and the wind and solar capacity factors. Based on the 2015 Heavy Summer case, the average and peak system load levels were assumed to be 90 GW and 180 GW respectively. Capacity factor is defined here as the average output of all plants divided by their potential output. The wind and solar capacity factors were assumed to be 33% and 20% respectively. Finally, the percentof-peak generation at the operating hours represented by the modified cases was specified to be 59% for wind and 53% for solar. These values represent the instantaneous active power output of all plants divided by the sum of their nameplate capacities. The amount of wind generation was left unchanged in the base cases and increased to 24 GW, or 15% penetration by energy, in the augmented cases. Of the supplemental wind generation, 70% was made up of Type 4 wind turbine generators (WTGs) and 30% was made up of Type 3 WTGs. The sensitivity of active power with respect to fluctuations in frequency differs between Type 3 and Type 4 WTGs. This means the proportion of Type 3 and 4 WTGs that ultimately manifests itself in the system will have an impact on its dynamic performance. Using the cases with augmented wind generation as a foundation, an array of cases corresponding to 5%, 10%, and 15% solar penetration by energy were created.
C. Dynamic Modeling of Renewable Generation
Type 4 WTGs and photovoltaic generation employ a full converter interface to the grid, meaning the only dynamics that interact with the transmission system are those of the inverter. Figure 1 shows an interconnection diagram that is applicable to both Type 4 WTGs and PV generation [8] . The converter block provides the interface between the plant and the network, and is the equivalent of an inverter. The control block dictates the active and reactive power to be delivered to the system based on a given control strategy. In this work, the accepted practices of the WECC were followed, which call for PV plants to be modeled with the same control and converter blocks used to model Type 4 wind plants. For additional information about the control and converter models, please refer to [8] . 
D. Time Domain Simulations
To excite the inter-area modes of the system, General Electric's Positive Sequence Load Flow (PSLF) software was used to simulate dynamic brake insertions at various locations in the system. The Bonneville Power Administration (BPA) regularly employs this approach in the real system using the Chief Joseph Brake to facilitate dynamic analysis [9] . In this study, brake insertions were simulated at three locations selected to enable observation of all inter-area modes of the wNAPS: the Chief Joseph Dam, the Pittsburg Generating Station, and the Currant Creek Generating Station. In reality, no braking resistors are located near Pittsburg or Currant Creek. Figure 3 shows a map of the points of interest.
In each simulation the brake insertion was initiated at the five second mark, allowing the system sufficient time to reach a steady state. Measured frequency was recorded at the 26 monitored buses displayed in Figure 2 . Prony's method relies upon the free, as opposed to forced, response of the system. Hence, the input to the Prony analysis tool was the set of recorded frequencies, sampled over a 12 second window beginning 1.5 seconds after the withdrawal of the brake. 
III. MODAL ANALYSIS RESULTS
A. Modal Analysis Techniques
Two modal analysis techniques were used to perform system identification in this study. The first technique, Prony analysis, relies upon fitting a linear parametric model to measured data. The intent is to directly estimate the frequency, damping, amplitude, and relative phase of the modal components present in the data [10] . The second technique, the Implicitly Restarting Arnoldi Method (IRAM), relies upon peforming an analytical linearization and eigensolution of the system model. This method was employed using SSAT from Powertech Labs. Using multiple analysis techniques enabled the detection of systemic biases, outliers, and erroneous mode estimates. In addition, comparing results across tools provided a fuller picture of system behavior and increased confidence in emerging conclusions.
B. Inter-area Modes of the wNAPS
Six distinct inter-area modes of oscillation were analyzed. A majority of the estimated modes are commonly observed and frequently studied. The East-West modes are not as well understood, in part because of sparse phasor measurement unit (PMU) coverage in the eastern portion of the system. The following is a list of the modes and their nominal frequencies which uses the terminology adopted by the Joint Synchronized Information Subcommittee (JSIS) [9] .
• North-South A mode, nominally near 0.25 Hz 
C. SSAT and Prony Results
This section provides a side-by-side comparison of the eigenvalue estimates generated with SSAT and Prony analysis. Figures 4 and 5 summarize the modal analysis results for the 2015 Heavy Summer base case and its high-penetration derivatives. A dash in the results table indicates that the analysis did not yield an estimate for that mode. The base cases contain the generation mixes presented in Table I , and the augmented cases contain 24 GW of wind generation by output. The level of total renewable generation reflects the contribution of converter-based sources and is defined here as the sum of the active power produced by wind and solar.
For the 2015 Heavy Summer case and its high-penetration derivatives, the results produced with Prony analysis and SSAT were in close agreement. None of the modes studied for these cases exhibited a significant decrease in damping. Figure 6 displays the variation in frequency and damping observed for the North-South B mode. The dashed line in each plot represents a linear interpolation of the results. The prevailing trend was that mode frequency increased as a function of renewable generation, while damping ratio was largely unaffected.
The trends observed for the 2022 Light Spring cases were largely consistent with those described above. For five of the six identified modes, frequency was observed to increase and damping ratio was roughly constant. Prony analysis identified an increase in observability and a decrease in damping for an East-West mode of oscillation under light loading conditions. A linear interpolation of the results revealed a negative correlation between renewable generation and damping ratio with a slope of -0.08% per GW. In the initial analysis phase, SSAT did not yield estimates for the East-West mode, so work is currently underway to confirm this result. 
D. Visualization of Mode Shape
Mode shape provides information about observability, indicating the oscillation amplitude and phase at monitored buses [11] . The mode shape estimates produced in this study are presented graphically, in the form of maps, and numerically, in the form of tables. As the amount of renewable generation increased, the mode shapes were mostly unchanged. To facilitate numerical comparison, the oscillation amplitude is normalized by the largest value, and the bus with the largest amplitude serves as the angle reference.
The classical method of plotting mode shape is to produce a "compass plot," in which each state is represented as a phasor [1] . By scaling the map markers such that the radius is proportional to oscillation amplitude, the classical compass plot amplitude relationship is retained. The arrow emanating from the center of each marker gives a precise indication of the phase angle, and the marker color indicates whether a bus is in or out of phase with the reference.
The East-West mode is characterized by generation units in eastern Wyoming and Colorado oscillating against the rest of the system. Figure 7 displays an estimate of the East-West mode shape for the 2022 Light Spring base case. The mode was estimated at 0.51-Hz with a damping ratio of 9.6%. Of the monitored buses that were out of phase with the reference, the largest oscillation amplitude was observed at Vincent.
IV. CONCLUSION
The main finding of this study is that mode frequency tended to increase as a function of renewable generation, while damping ratio was largely unaffected. This conclusion is supported by the results produced with both SSAT and Prony analysis. The primary driver of the upward trend in mode frequency is the reduction in inertia that accompanies the displacement of thermal generation with converter-based renewable sources.
In the 2022 Light Spring case and its high-penetration derivatives Prony analysis identified an increase in observability and decrease in damping ratio for the East-West mode. Confirming this result with SSAT and investigating the behavior of the East-West mode more broadly will be a focus of future work. A near term study will utilize ambient data collected by phasor measurement units (PMUs) to compare the characteristics of the East-West mode in the real system to the simulation models.
